Ferrite synthesis in microstructured media: Template effects
and magnetic properties
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Inverse micelles and organogels provide novel environments to synthesize ferrite particles. The fluid
microstructure provides a template for the synthesis. Our experiments with ferrite synthesis in
inverse micelles indicate the formation of superparamagnetic nanoparticles. Of interest is the
encapsulation of these particles in polymer microspheres. The encapsulation is done using simple
polymer precipitation in the micellar nonsolvent. The process results in a polymer-ferrite composite
exhibiting supermagnetism. Low temperature spin glass properties of the composite are
characterized through SQUID measurements. These composites have a superparamagnetic blocking
temperature of 16 K and follow Curie—Weiss law at temperatures above 60 K with the fitted
parametersC = 0.941 emu/g K,f=—287 K, and TIR=0.0001 emu/g. Since the polymer used is
polyphenol, a highly functionalizable material, the composite is well suited for applications in
magnetic bioseparations and magnetic coatings. 1997 American Institute of Physics.
[S0021-897€07)59408-4

I. INTRODUCTION solutions containing the reactants FgS&hd NH,OH. The
Due to the novel properties exhibited by particles of Veryso-called injection method was used in preparing all reversed

small dimensions, there has been growing interest in the syrmice"ar solutions. In a typical preparation, a predetermined

thesis of nanoscale inorganic materials. Many researche ount of reactant stock solution was added to the AOT

have successfully synthesized fine particles exploiting th(§0Iut_ion to yield the final reversed_micellar solution with the
restricted environments offered by surfactant systemsr.equ'red w/o[H,0:AOT] (molar ratio of water to surfactant

Water-in-oil (w/o) microemulsions(also known as reversed and reactant concentration. The synthesis of ferrite particles
micelles,® liquid crystals? and vesicleb are examples of was initiated by adding the NJ®H reversed micellar solu-

such systems used in nanoparticle synthesis. tion to the FeSQ reversed micellar solution, while vigor-

We have recently found that it is possible to dissolve aously stirring the mixture. The solution instantly turned blu-

presynthesized polymdipoly(4-ethylphendl] in an appro- ish green_and yvithin minutes .changed tq a deep red color.
priate solvent, and to reprecipitate it in spherical morphoI-The reaction mixture was continuously stirred for about 2 h.
ogy, using water-in-oil microemulsion@lso known as re- ) )

verse micellesas a nonsolvent medium. While a number of B- Sythesis of poly(4-ethylphenol) particles

generic methods exists for fabricating microsphérégre- The specific polymer used here is p@hlyethylphenol
cipitation using water-in-oil microemulsions is a new tech-(PEP, which is synthesized using an oxidative enzyme,
nique and has some unique features. One of these, describggrseradish peroxidase, in the microstructured media of
here, is the fact that intramicellar solutesg., nanoclusters  water-in-oil microemulsiort:® The polymer formed is recov-
solubilized within reverse micelledecome trapped in the ered, washed several times with isooctane to remove the

precipitating polymer matrix. Thus, in addition to micro- traces of adsorbed surfactant, dried, and stored for future use.
sphere formation, such precipitation can be used as a mi-

croencapsulatiqn metr_]od. Here we describe s_ynthesis of Synthesis of the ferrite-PEP composite

nanophase ferrite particles, the microencapsulation of these _ _
particles in polymer microspheres, and the magnetic charac- The presynthesized polymer was taken and redissolved
terization of the resulting superparamagnetic inorganicn acetone(0.1 g polymer/ml acetonésolution A). A sec-

organic composite material. The inorganic component is irorPNd solution(nonsolvent solution Bconsisting of the re-

poly(p-ethylpheno).7 and the requirewv, (wg is the water to surfactant molar ratio
was also prepared and contained ta€e,0; nanoparticles
Il. EXPERIMENT (which were to be entrapped within the precipitated polymer

microspheresas an intramicellar solute. Typically, in all ex-

periments, 1 ml of solution A was added to 20 ml of solution
Stock solutions of 0.5 M AOThis(2-ethylhexy) sodium B in small aliquots with stirring. The clear solution B be-

sulfosuccinatewere used in preparing the reversed micellarcomes cloudy immediately after the addition of a drop of

A. Synthesis of ferrite particles
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solution A, indicating that the dissolved polymer has phase

separated. After the addition is completed, the mixture is o
kept being stirred briefly. The supernatant is then removed, 010
. . g anooQ®0
and the polymer phase washed thoroughly with isooctane to
remove traces of surfactant. Similar microsphere particles 006
isolated from direct polymer synthesis are illustrated in a &
previous publicatior. E oo
=

D. Magnetic measurements 0.05

The magnetic properties of the ferrite-PEP composites
were characterized using a Quantum Design, Inc. model -0.10
MPMS-5S superconducting quantum interference device
(SQUID) susceptometer. Calibration and measurement pro- 015 ! . l T .
cedures were reported elsewh&teSeveral experiments 40000 20000 0 20000 40000

. s (a) Magnetizing Field (G)

were conducted: magnetic susceptibility,., M/H) as a
function of temperature and magnetization as a function of 010
field or temperature. Two different procedures were used for
the dc magnetic susceptibility experiments) zero-field 0081 PR R
cooling, where the sample was slowly cooled in zero field to 0.06 1 e
a temperature of 17 K at which the measuring field of 1.0 kG 0.04 G
was switched on and the magnetization was measured as a o 002 | op
function of temperature, and) field cooling where the field E 000 | Sf
of 1.0 kG was turned on at a temperature well above the < oa
superparamagnetic blocking temperature before the sample = 002 4 §p
was cooled to 1.7 K. -0.04 OO;E

For remanent magnetization measurement, both thermal -0.06 - cpae®
remanent magnetizatiofTRM) and isothermal remanent oos 888 a8
magnetization(IRM) were obtained as a function of field. o
The TRM experlmgnt .|nvolves slowly cpolmg the sample in " 10000 5000 0 5000 10000
an applied magnetic field to a measuring temperature below (b) Magnetizing Field (G)

the blocking temperature and then switching off the field and

measuring the remanent magnetization after a specifiegig ;. (a) Magnetic hysteresis loop for ferrite polymer composite at 100 K
elapsed time of 300 s. On the other hand, IRM data arend(b) magnetic hysteresis loop at 4.5 K.

obtained by cooling the sample to the measurement tempera-

ture in zero field, applying a field for a specific tinf&00 9,

and then switching off the field and measuring the remanenfolymer-nanoparticle composites are prepared by a two step
magnetization after an elapsed time of 300 s. Stanians  approach. In the first step, the water pools of the micelles are

H hysteresis loops were also recorded at different temperdised to synthesize inorganic compounds whose growth
tures ranging from 2.0 to 300.0 K. would be restricted to the nanometer size range by the mi-

crostructure synthesis environment. In the second step,
presynthesized polymers were added to reverse micellar so-
lutions resulting in precipitation of microsphere composites.
Reversed micelles are nanodroplets of water sustained in  Reversed micelles constitute a microreactor environment
an organic phase by a surfactant, typically an anidét2-  to synthesize inorganic particles restricted to the nanometer
ethylhexy) sodium sulfosuccinate, also referred to as AOT.size range. As shown by Lopez-Quintela and Ritdgrite
The water pools of the micelles are capable of solubilizingparticles synthesized in reversed micelles have sizes ap-
biomolecules such as enzymes, which retain catalytic activproaching the magnetic domain size. Such particles exhibit
ity in what is essentially a minimal water environment. superparamagnetic properties. Here we show that incorpora-
A remarkable aspect of polymerization in this media istion of these ferrite particles into the polymer microspheres
that the polymer formed precipitates out from solution withconfers superparamagnetic properties to the composite.
the morphology of interconnected, submicron-sized sphere% M i i
While the full explanation of morphology development is as” agnetic properties
yet unclear, the micelles have a templating effect on presyn- Field-dependent hysteresis loops were generated in the
thesized polymers, they fold chains to the resulting spheresemperature range 2.0-300 K. Typical trends exhibited by
As a consequence of the observation of polymer precipitathe ferrite-PEP composites are described through the hyster-
tion in the form of interconnected spheres, the concept oésis loops recorded at 100 and 4.5 K shown in Figa). dnd
preparing polymer-nanoparticle composites arose from thé(b), respectively. The magnetization versus field data at 100
argument that the precipitating polymer may also entrap an& illustrate that the data are perfectly superimposable as the
pull down inorganic clusters present in the micelles.field is cycled between:-50 kG, with the coercivelyH=0.

Ill. RESULTS AND DISCUSSION

4742 J. Appl. Phys., Vol. 81, No. 8, 15 April 1997 O’Connor et al.

Downloaded-13-Nov-2008-t0-128.63.81.5.~Redistribution-subject-to-AlP-license-or-copyright;~see=http://jap.aip.org/jap/copyright.jsp



FC
0.0034 -,
0035 4  TRM
00032 - fﬁ% .
0.030 {2 Sa
0.0030 - A A N
® . : & a
é 0.0028 - @p.ozs —HA o 0 o o ?
2 00026 g h o ©
A $0.020 | 0®
2 ~ )
< 00024 | - f o)
0.015 - g
0.0022 - o)
Q
0.0020 0.010 - 6(? IRM
0018
0.00 0.005 5?
0.0016 T T T T T ‘g
0 50 100 150 200 250 300 0.000 . ; ‘ .
Temperature (Kelvin) 0 10000 20000 30000 40000 50000
Magnetizing Field (G)

FIG. 2. Field-cooledFC) and zero-field-coole(ZFC) dc magnetic suscep-

tibility data for the ferrite polymer composite plotted over the 1.7-300 K G, 3. |sothermal remanent magnetization and thermal remanent magneti-

temperature region. zation data for the ferrite polymer composite plotted as a function of rema-
nent inducing magnetic field.

This lack of hysteresis is characteristic of superparamagnet@€nce of TRM and IRM on the applied magnetic field. The

particles or single-domain particles of very small dimen-1RM and IRM data as a function of field at 4.5 K are shown

sions. in Fig. 3. The TRM attains a maximum at 3.5 kG and then
As the temperature is significantly lowered to 4.5 K, the

slowly decreases and remains essentially invariant above 20

sample starts to display some hysteresis with coercivitfC: The IRM increases sharply until about 20 kG and even-
H=500 G, as seen in Fig.(H). The presence of low- tually reaches a plateau at magnetic fields above 35 kG.

temperature hysteresis together with the absence of hySteA'CKNOWLEDGMENTS
esis at higher temperature confirms the superparamagnetism . . .
of the ferrite-PEP composite. If the sample did not show Financial support from the U.S. National Science Foun-
hysteresis at any temperature, it would be classified as beirfftion and the U.S. Army is gratefully acknowledged.
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